An orchid flower exhibits a zygomorphic corolla with a welldifferentiated labellum. In Cymbidium sinense, many varieties with peloric or pseudopeloric flowers have been bred during centuries of domestication. However, little is known about the molecular basis controlling orchid floral zygomorphy and the origin of these varieties. Here, we studied the floral morphogenesis of C. sinense and transcriptomewide enriched differentially expressed genes among different varieties. The floral zygomorphy of C. sinense is established in the early developmental process. Out of 27 MIKC C -MADS factors, we found two homeotic MADS genes whose expression was down-regulated in peloric varieties but upregulated in pseudopeloric varieties. CsAP3-2 expressed in the inner floral organs co-operates with a labellum-specific factor CsAGL6-2, asymmetrically promoting the differentiation of inner tepals. Interestingly, we detected exon deletions on CsAP3-2 in peloric varieties, indicating that loss of B-function results in the origin of peloria. Additional petaloid structures developed when we ectopically expressed these genes in Arabidopsis, suggesting their roles in floral morphogenesis. These findings indicate that the interplay among MADS factors would be crucial for orchid floral zygomorphy, and mutations in these factors may have maintained during artificial selection.
Introduction
Orchid flowers exhibit strong zygomorphy mainly due to the differentiation of a showy labellum and the suppression of adaxial stamens. A typical orchid flower processes three different whorls of floral organs: the outer whorl consists of three outer tepals (also known as sepals); three inner tepals (also known as petals) comprise the second whorl, in which one median petal differentiated into a more exquisite labellum (also known as the lip); and the innermost whorl is a column (also known as the gynostemium), where the male stamen adnated to the female style.
The domestication of Orchidaceae Cymbidium dates back to around 900 CE in the Tang dynasty in China. In 1233, the first Orchidology treatise 'Jin-Zhang-Lan-Pu' recorded 32 varieties differing in flower and leaf patterns. Since then, many floral varieties have been bred during the following centuries. When we take floral symmetry into consideration, the floral varieties of Cymbidium can be divided into different categories of peloria and pseudopeloria: peloria refers to completed transition in orchid perianth whorls from zygomorphy into actinomorphy, while pseudopeloria describes diminished zygomorphy of the perianth (Bateman 1985, Rudall and Bateman 2002) .
Previous work demonstrated the importance of MIKC C -type MADS-box transcription factors, named from MINICHROMO-SOME MAINTENANCE 1 (MCM1) of Saccharomyces cerevisiae, AGAMOUS (AG) of Arabidopsis thaliana, DEFICIENS (DEF) of Antirrhinum majus and SERUM RESPONSE FACTOR (SRF) of Homo sapiens, in the control of orchid floral development (Yu and Goh 2000 , Hsu et al. 2003 , Tsai et al. 2004 , Tsai et al. 2008 , Chang et al. 2009 , Mondragón-Palomino and Theißen 2011 . In the model 'Orchid Code', the identity of the orchid perianth is determined by different combinations of four clades of APETALA3-like (AP3-like) MADS-box transcription factors (Mondragón-Palomino and Theißen 2009, Mondragón-Palomino and Theißen 2011) . These authors pointed out that the development of inner ventral tepals requires higher expression levels of clade-1/2 and lower levels of clade-3/4 AP3-like genes, while dorsal labellum identity is conferred by low expression levels of clade-1/2 but higher levels of clade-3/4 expression. A more recent study indicated a combinatory regulation called the 'Perianth Code' between AGAMOUS-LIKE6-like (AGL6-like) and AP3-like proteins, which is essential to the formation of different floral organs (Hsu et al. 2015) . The heterotetrameric sepalpetal complex specifies the formation of the sepal/petal in Oncidium, while the labellum requires the formation of another heterotetrameric complex (Hsu et al. 2015) . However, many orchids including Cymbidium sinense, have inner tepals (petals) which are quite different from the outer ones (sepals), and the dorsal-ventral asymmetric differentiation within the inner floral organ whorls cannot be explained well by this hypothesis. The underlying mechanisms involved in the generation of peloric or pseudopeloric orchid flowers are still unknown to us.
In the eudicots, the formation of peloric flowers always links different mutations on CYCLOIDEA-like (CYC-like) transcription factor genes (Luo et al. 1996 , Luo et al. 1999 , Feng et al. 2006 , Busch and Zachgo 2007 , Wang et al. 2008 , Zhang et al. 2010 . However, there are only a few functional studies of CYClike proteins in monocot floral zygomorphy. In Phalaenopsis equestris, 23 TEOSINTE BRANCHED1/CYCLOIDEA/PCF (TCP) genes from its genome sequence have been characterized, including three CYC-like subclade genes, whose expression in the flower dorsal region may be associated with orchid floral zygomorphy . Although a CYC-like homolog RETARDED PALEA1 found in rice plays a role in palea development along the lemma-palea axis, it is not identical to zygomorphic flower development described in the eudicots (Yuan et al. 2009 ). In maize, the AP3-like MADS genes are expressed asymmetrically, which is associated with asymmetric phyllotactic patterning of its flower primordia (Bartlett et al. 2015) . Thus, a different mechanism could have evolved in the establishment of monocot floral zygomorphy.
Here, we studied the floral morphogenesis of C. sinense and performed transcriptome sequencing in different varieties with peloric or pseudopeloric flowers. The floral zygomorphy of C. sinense is established in the early developmental process with retarded ventral organogenesis. By careful examination of transcriptome data, we found the expression of two homeotic MADS genes down-regulated in peloric varieties and up-regulated in pseudopeloric varieties. The AP3-clade CsAP3-2 is highly expressed in the inner whorls of floral organs, which works as a B-function gene, together with a labellum-specific AGL6-clade factor CsAGL6-2 promoting the differentiation of dorsal inner tepals. We detected exon deletions on CsAP3-2 in peloric varieties, indicating possible association with the origin of peloria. We further ectopically expressed these genes in Arabidopsis; normal flower development was disrupted with additional petaloid structures developed, suggesting their roles in floral development. Taken together, our results unravel zygomorphic floral development of C. sinense and throw light on the origin of peloria in Chinese Cymbidium during artificial selection.
Results

Different floral varieties of C. sinense
Here, we collected different types of floral varieties including a standard type 'Qi-Hei' (CsWT, Fig. 1a) , two peloric varieties 'LvYun' (Cslv, Fig. 1b) and 'Tai-Yang-Hua' (Csw, Fig. 1c) , together with three pseudopeloric floral varieties 'Yu-Qi-Lin' (Csy, Fig. 1d ), 'Wen-Shan-Qi-Die' (Css, Fig. 1e ) and 'Hua-GuangDie' (Csd, Fig. 1f ). The wild type (CsWT) variety possesses a standard flower, consisting of three long outer tepals (sepals), three shorter inner tepals (petals) with the dorsal median one differentiated into a pigmented labellum, as well as a pigmented column. The peloric varieties Cslv and Csw exhibit actinomorphic perianth with the loss of petal and labellum identities. Moreover, both of the peloric varieties become sterile mainly due to the morphological abnormalities within their columns. The other three pseudopeloric varieties show varying degrees of disruption in zygomorphic floral development. Different parts of the tepals become labelloid structures: parts of inner tepals in variety Csy, inner tepals in variety Css with increased tepal numbers, and parts of outer tepals in variety Csd.
Floral organogenesis of C. sinense
To elucidate the early floral organogenesis of C. sinense, we studied the development of CsWT flowers using scanning electron microscopy (SEM). The process of its floral organogenesis can be divided into two phases (Fig. 2) .
The early developmental phase consists of 11 stages ending with the initiation of the column primordium, and floral zygomorphy can be clearly distinguished in this phase. A crescent bract primordium initiates around the inflorescence meristem (Fig. 2a, stage 0) , then the flower meristem emerges in between the inflorescence and bract (Fig. 2b, stage 1) . The bract rapidly grows (Fig. 2c , stage 2) until it totally covers the flattened and oval flower meristem (Fig. 2d, stage 3) . The flower meristem continues enlarging and ends with a ring primordium, on which a centrally transversal depression can be observed when we dissect the fast growing bracts (Fig. 2e, stage 4) . A labellum primordium initiates in the adaxial region of the ring primordium ( Fig. 2f , stage 5), followed by the development of two outer tepals primordia (Fig. 2g, stage 6 ). The abaxial part of the ring primordium enlarges (Fig. 2h , stage 7), and another two lateral inner tepals arise (Fig. 2i, stage 8 ). The median outer tepal develops at the ventral-most ring primordium (Fig. 2j , stage 9), and finally initiates the column primordium at the central region (Fig. 2k, stage 10 ).
Tepal numbers become consistent from the end of the early phase, then reaches the late phase of flower development. The whole floral apex resembles an inverted triangle, with dorsal outer tepals overlapping other inner tepals (Fig. 2l, stage 11 ). The ventral outer tepal grows quickly and covers the column (Fig. 2m, stage 12 ), which can only be found after removal (Fig. 2n , in the same stage 12). Two ventral inner tepals progressively shelter the labellum and column (Fig. 2o, stage 13) , and the edge of the labellum begins curling towards the column (Fig. 2p, stage 14) . Fine structures including carpel and stamen differentiate on the column (Fig. 2q, stage 15) .
We further examined the flower developmental processes of both peloric and pseudopeloric varieties. However, we did not detect any developmental abnormalities in these varieties except for Css, in which the column primordium becomes indeterminate with the initiation of increased floral organ primordium numbers ( Supplementary Fig. S1 ). This corresponds to additional labelloid tepals observed in a mature Css flower (Fig. 1e ). These observations indicate that changes to these varieties may not be caused by defects in early floral meristem asymmetry.
Transcriptome sequencing of C. sinense varieties
In order to study the molecular control of orchid floral zygomorphy on a transcriptome-wide scale, we performed transcriptome sequencing on different tissues or varieties. Eight different CsWT tissues, namely leaf (CsWT_veg), involucre (CsWT_L), 1 cm inflorescence (CsWT_I0), 5 cm inflorescence (CsWT_I1), 2 mm flower bud (CsWT_F1), 5 mm flower bud (CsWT_F2), 10 mm flower bud (CsWT_F3) and 15 mm flower bud (CsWT_F4), were sequenced and de novo assembled into 126,178 unigenes with N50 length reaching 1,238 bp. After assembly, all the unigenes were further annotated with the NCBI NR GenBank and SWISS-PROT databases. We further sequenced the 5 cm inflorescence of different varieties and calculated the reads per kilobase of transcript per million mapped reads (RPKM) to reflect the relative expression of each unigene.
All the analyzed transcriptome data and de novo assembly statistics are summarized in Supplementary Tables S2 and S3 . Gene Ontology (GO) term enrichment analysis found that those genes involved in cellular process, metabolic process, developmental process, pigmentation and reproductive process were enriched in different comparisons ( Supplementary Fig. S2 ). However, it is difficult to tell how these differences are correlated with the flower morphology; thus we focused on the wellstudied MADS genes.
Transcriptome-wide analysis of MIKC C -MADS factors
In order to study the function of MIKC C -MADS factors on a transcriptome-wide scale, we characterized 27 MIKC C -MADS factors from our de novo assembly. The phylogenetic tree of (Fig. 3) . We presented the RPKM value of each factor in a heatmap and found that the SEP-, AGL6-, AG-and AP3/PI-clades are highly expressed in different developing flower buds, indicating possible functions of these factors in the morphogenesis of Cymbidium flowers (Fig. 3) . Interestingly, high expression levels of AP1/FUL-clade genes, which have been regarded as A function genes in eudicots, appear in 5 mm I1 inflorescence (Fig. 3) . Thus, the roles of these factors need to be further investigated.
We filtered genes expressed at a lower level by applying 'RPKM max ! 2, log 2 (RPKM max /RPKM min ) ! 1' to these 27 MIKC C -MADS genes. Twenty out of these genes were retained and clustered into different groups according to their expression patterns in the seven varieties (Fig. 4) . The RPKM values of two MADS genes, CsAP3-2 and CsAGL6-2, are higher in all three pseudopeloric varieties, suggesting possible roles in promoting labellum identity (Fig. 4) . Notably, the RPKM values of CsAP3-2 in the two peloric varieties became extremely low, indicating an underlying function responsible for the floral peloria (Fig. 4) .
The spatiotemporal expression patterns of CsAP3-2 and CsAGL6-2
To investigate the underlying function of CsAP3-2 and CsAGL6-2, we detected the spatiotemporal expression patterns of these two genes in CsWT by RNA in situ hybridization (Fig. 5) .
CsAP3-2 exhibits very strong expression in the early flower developmental stage (stage10), with specific signal from different slides detected in labellum primordium, column primordim as well as the primordia of ventral innter tepals (Fig. 5a, b) . In the late floral developmental phase, the transcripts of CsAP3-2 are also highly enriched in the inner two whorls of floral organs compared with the sense probe control, reflecting a B function factor during flower development (Fig. 5c-e) . Unlike CsAP3-2, the signal of CsAGL6-2 is dispersed in the dorsal region of a flower meristem (Fig. 5f) ; the transcripts of CsAGL6-2 become specifically abundant in the labellum of a late-stage flower in contrast to the sense probe (Fig. 5g-i) .
Next, we examined the expression of these factors in different varieties using quantitative real-time PCR (qRT-PCR; the plant materials of CsWT, Cslv, Css, Csy and Csd were enough for this assay) combined with RNA in situ hybridization (only CsWT, Cslv and Css were enough for this assay).
In peloric Cslv, the expression of CsAP3-2 in the ventral inner tepals, labellum and column is significantly down-regulated compared with the CsWT (Fig. 6a) . The normal expression of CsAGL6-2 is disrupted in Cslv, and we failed to detect specific signals of these two factors in RNA in situ hybridization assays (Fig. 6d, g ). In the three pseudopeloric varieties, ectopic expression of CsAP3-2 and CsAGL6-2 was detected in labelloid structures (Fig. 6b) . RNA in situ hybridization of Css shows strong expression of CsAP3-2 and CsAGL6-2 in the labellum as well as in those extra labelloid structures (Fig. 6e, f) . All these results indicate a combinatory behavior of the two MADS factors promoting inner tepal differentiation in an orchid flower.
Exonic deletions detected in CsAP3-2 in peloric varieties
Since the expression of CsAP3-2 becomes extremely low in peloric varieties, we assumed that disruption of this gene may the reason for this phenomenon. We have isolated partial genomic regions of CsAP3-2 from different varieties. Multiple alignment indicates 2 bp deletions existing on the first exon of Csw and Cslv, leading to frameshifting and an advanced translational stop of CsAP3-2 (Supplementary Fig. S3 ). These findings support the idea that the disruption of CsAP3-2 links the origin of floral peloria in Cymbidium.
Functional analysis of CsAP3-2 and CsAGL6-2
To verify the function of CsAP3-2 and CsAGL6-2, we ectopically expressed these factors in Arabidopsis thaliana. Compared with Fig. 6 The expression analysis of CsAP3-2 and CsAGL6-2 in different varieties. qPCR analysis of CsAP3-2 (a) and CsAGL6-2 (b) among different varieties, each variety consisting of four columns, which represent relative expression in the outer tepals, inner ventral tepals, labella and columns, respectively; Error bars of gene expression are ± 1 SD from three biological replicates; RNA in situ hybridization of CsAP3-2 (c-e) and CsAGL6-2 (f-h) in CsWT (c, f), Cslv (d, g) and Css (e, h) longitudinal sections. Red stars represent labella and black arrows represent signal; scale bars: 100 mm.
the Col-0 WT Arabidopsis, the flowering time in the 35S:CsAP3-2 transgenic plants was significantly delayed (Fig. 7a-d, l) . However, when we ectopically expressed CsAGL6-2, an early flowering time could be observed (Fig. 7i-k, p) .
As regards flower development, a normal Arabidopsis flower consisted of four petals and six stamens; however, in the 35S:CsAP3-2 transgenic plants, petal numbers were increased to five (Fig. 7f-g ) or six (Fig. 7h) , accompanied by increased sepal numbers, suggesting the function of CsAP3-2 in promoting floral organ development (Supplementary Fig. S4 ). When we ectopically expressed CsAGL6-2 in Arabidopsis, unexpectedly, we observed stamen to petal homeotic change in 35S:CsAGL6-2 transgenic plants (Fig. 7m-o) , suggesting that CsAGL6-2 may gain a new function in petal differentiation.
Discussion
A zygomorphic flower is often regarded as the result of plantpollinator co-evolution (Endress 2001 , Jabbour et al. 2009 , Hileman 2014 . In monocots, plants with a zygomorphic perianth emerged infrequently in lineages such as Zingiberales, Commelinales and Orchidaceae, among which orchid flower exhibits strong zygomorphy due to its well-differentiated labellum and inhibited dorsal stamens (Rudall and Bateman 2002) . Despite its importance, the molecular approach to study orchid floral zygomorphy is still in its infancy due to the lack of sufficient floral peloric mutants from a similar background. In this study, we reported a collection of peloric and pseudopelric floral varieties in Cymbidium sinense, which have been bred during centuries of domestication from ancient China. By morphological characterization and transcriptome-wide analysis, we offer new insights into the genetic regulation of orchid floral zygomorphy.
In our collected peloric and pseudopeloric varieties, the 'dorsalventral asymmetrical' floral organ initiation is not affected (data not shown). In Antirrhinum and Linaria, the initiation of dorsal floral organs is suppressed by CYC-like factors, and this effect is relieved in peloric and semi-peloric mutants (Luo et al. 1996 , Cubas et al. 1999 . From the differences between Plantaginaceae and Orchidaceae, we inferred that a different mechanism could be involved in the control of Cymbidium peloria.
In eudicots, CYC-like genes have been widely recruited in the establishment of floral zygomorphy (Cubas 2004 , Hileman 2014 . However, it is seldom studied in the control of monocot floral asymmetry. In Zingiberales, Heliconia stricta CYC-like HsTBL1a is highly expressed in the petaloid staminode and gynoecium, while the expression of HsTBL2 can only be detected around the sepal margins (Bartlett and Specht 2011) . In Commelinaceae flower, CYC-like factors are highly expressed in the ventral tepals of zygomorphic Commelina communis and Commelina dianthifolia, but not the actinomorphic Tradescantia pallida, indicating possible association between the expression patterns of CYC-like genes and floral symmetry (Preston and Hileman 2012) . In Phalaenopsis equestris, two CYC-like genes, PeCYC1 and PeCYC2, are predominantly expressed in the floral dorsal part, indicating a possible function in floral zygomorphy . In this study, however, we did not detect any differentially expressed CYC-like genes correlated with the morphological change in peloric or pseudopeloric varieties.
In additioin to the CYC-like factors, MIKC C -MADS proteins have also been involved in the control of monocot floral zygomorphy. In C. communis and C. dianthifolia, AP3 homologs are highly enriched in the dorsal inner tepals other than ventral inner tepals, which link the differentiation of the inner tepal whorl (Preston and Hileman 2012) . In orchid, duplication events have been detected in the AP3/PI-and AGL6-clades of factors, leading to neo-functionalization of these proteins (Mondragón-Palomino and Theißen 2011, Hsu et al. 2015) . A recent study in Phalaenopsis reported an AGL6-like gene associated with labellum development by generating different alternative splicing forms in the variety with an enlarged labellum (Huang et al. 2016 ). In C. sinense, there are four AP3-like and three AGL6-like factors characterized from our transcriptome ( Fig. 3; Supplementary Fig. S5 ). In the standard Cymbidium (CsWT), consistent with previous studies, DEF1-clade CsAP3-4 is highly expressed in the outer tepals and columns; DEF2-clade CsAP3-1 is highly expressed in outer and inner tepals; DEF3-clade CsAP3-2 and DEF4-clade CsAP3-3 are highly expressed in the inner two floral organs, with the highest expression found in the labellum (Supplementary Fig. S5 ). Similarly, three AGL6-like genes also exhibit divergent expression patterns in CsWT: CsAGL6-1 is highly expressed in outer tepals, inner tepals as well as columns; while CsAGL6-2 and CsAGL6-3 are highly expressed in labella and columns, respectively ( Supplementary Fig. S5 ).
Although the expressions of different AP3-like and AGL6-like genes varies within these varieties, only two of them, CsAP3-2 and CsAGL6-2, are correlated with the peloric or pseudopeloric phenotypes ( Fig. 3; Supplementary Fig. S5 ). We further found exonic deletions on CsAP3-2 of the peloric varieties, together with their phenotypes indicating a conserved B function of this gene. This finding is not identical to the previous conclusions from Oncidium orchids indicating possible functional divergence evolved in the diversification of Orchidaceae (Hsu et al. 2015) . CsAGL6-2 in specifically expressed in the labellum, with ectopic expression in the labelloid structures in the pseudopeloric varieties. This protein may work as complexes with CsAP3-2 and CsPI to specify the differentiation of labellum identity (Supplementary Fig. S6 ).
In conclusion, our findings unraveled different sets of factors regulating orchid floral zygomorphy from a transcriptome-wide scale, and mutations in these factors may have occurred and been maintained during hundreds of years of domestication.
Materials and Methods
Plant materials and nucleic acid extraction
The Cymbidium sinense plants were grown in the greenhouse of the National Orchid Conservation Center of China and the Orchid Conservation and Research Center of Shenzhen, Shenzhen, China. The Arabidopsis plants were kept in the chambers (22 C, 16 h of light per day). DNA was extracted using 2% CTAB (cetyltrimethylammonium bromide) DNA extraction solution from young leaves, and total RNA of different organs was extracted using a Plant RNA Kit (Omega Bio-Tek).
Scanning electron microscopy (SEM)
Inflorescences with multiple floral buds were collected and dissected under a stereo microscope. Three different types of impression materials were used for generating the epoxy replica: the first type of impression material was Coltene PRESIDENT light body, No. 4667 (Coltene Ltd.), the second type of impression material was Imprint TM II Garant (3M ESPE) and the third type of epoxy adhesive was 2-Ton Epoxy (Devcon Ltd.). After being sputtered with gold, the epoxy replicas were examined using a JEOL JSM 6360LV scanning electron microscope.
Sequencing and de novo assembly
Poly(A) mRNA was purified and fragmented prior to sequencing. The firststrand cDNA was synthesized by a random hexamer primer which was followed by second-strand cDNA synthesis. After that, sequencing adaptors were ligated to the fragments, purified by agarose gel electrophoresis and enriched by PCR amplification. The libraries were sequenced on an Illumina HiSeq TM 2,000 platform according to the instruction manual. To obtain clean reads, dirty raw reads were removed before assembly. The first round of de novo assembly was carried out using Trinity followed by a further assembly using the CAP3 program Madan 1999, Haas et al. 2013) .
Gene annotation and analysis of differentially expressed genes
Gene annotation was performed based on different protein databases including NCBI NR GenBank, SWISS-PROT and KEGG, with an E-value cut-off of 1Â10
À5
as their functional protein annotations. GO annotations of each unigene were annotated with the Blast2GO program (Conesa et al. 2005) . RPKMs were calculated to reflect the relative expression of each unigene (Mortazavi et al. 2008) . Differentially expressed genes (DEGs) were enriched according to the frequency of every transcript and its corresponding P-value as described in a previous study (Audic and Claverie 1997) . The DEGs were presented in heatmaps constructed by Heml 1.0 (The CUCKOO Workgroup).
Phylogenetic analysis
The nucleotide sequences from the transcriptome were translated into amino acid sequences before alignment using ClustalW (http://www.ebi.ac.uk/clustalw) (Thompson et al. 1994) . The well-aligned protein sequences were further processed in MEGA6 to generate Neighbor-Joining trees under 1,000 replicates of bootstrap iterations (Tamura et al. 2013 ).
Quantitative RT-PCR
A 1 mg aliquot of total RNA was reverse transcribed according to the user manual of the PrimeScript RT reagent Kit with gDNA Eraser (TAKARA). The qPCR assays were performed in a LightCycler 480 Real-Time PCR System (Roche) according to its manual. All the data were normalized against the expression of the reference gene ACTIN, as previously described (Zhu et al. 2015) . The transcript levels for these genes were summarized from three biological replicates and three technical replicates. Graphs were constructed by GraphPad Prism (GraphPad Software). All the primers sequences used in qPCR are listed in Supplementary Table S1 .
RNA in situ hybridization
Inflorescences were fixed in 4% (w/v) paraformaldehyde buffer for RNA in situ hybridization. After treatment with an ethanol series and xylene solution, the tissues were embedded with Paraplast (Sigma-Aldrich China). The sense and antisense probes were labeled with digoxigenin-UTP (Roche). All the hybridization processes were carried out as described (Coen et al. 1990 ). All the primer sequences used in this experiment are listed in Supplementary Table S1 .
Arabidopsis transformation
The open reading frames of CsAP3-2 and CsAGL6-2 were cloned and inserted into the multiple cloning site of pCAMBIA1302 with a 35S promoter. The plasmids were transformed into the Agrobacterium tumefaciens GV3101 strains. The plant transformation was carried out using the floral dip method as described (Clough and Bent 1998) . The seeds of transgenic plants were selected on half-strength Murashige and Skoog (MS) culture medium containing hygromycin B (Roche).
Yeast three-hybrid assays
The cDNAs of the genes of interest were amplified and cloned into pGAD-T7, pGBK-T7 or pBridge vectors (Clontech). The Matchmaker TM GAL4-based yeast three-hybrid assays were performed according to the Yeast Protocols Handbook (Clontech). The different combinations of plasmids were co-transformed into yeast strain AH109 screened on both SD/-Trp/-Leu (SD-LW) and SD/-Trp/-Leu/-His/-Ade (SD-LWHA) agar plates. After 2 d of incubation at 30 C, cells from SD/-Trp/-Leu plates were further diluted in series and dotted onto SD-LW and SD-LWHA/X-a-Gal agar plates incubated at 30 C for another 2 d prior to scoring. All the primers sequences used in yeast three-hybrid assays are listed in Supplementary Table S1 .
Accession numbers
Gene sequences cloned in this study have been deposited in the GenBank database with the accession numbers from KY797298 to KY797300.
Supplementary Data
Supplementary data are available at PCP online.
